As a compact and burgeoning alternative to synchrotron radiation and free-electron lasers, high harmonic generation (HHG) has proven its superiority in static and time-resolved extreme ultraviolet spectroscopy for the past two decades and has recently gained many interests and successes in generating soft x-ray emissions covering the biologically important water window spectral region. Unlike synchrotron and free-electron sources, which suffer from relatively long pulse width or large time jitter, soft x-ray sources from HHG could offer attosecond time resolution and be synchronized with their driving field to investigate time-resolved near edge absorption spectroscopy, which could reveal rich structural and dynamical information of the interrogated samples. In this paper, we review recent progresses on generating and characterizing attosecond light sources in the water window region. We show our development of an energetic, two-cycle, carrier-envelope phase stable laser source at 1.7 μm and our achievement in producing a 53 as soft x-ray pulse covering the carbon K-edge in the water window. Such source paves the ways for the next generation x-ray spectroscopy with unprecedented temporal resolution.
Introduction
High harmonic generation (HHG), a coherent burst of high energy photons with photon energy up-converted from its driving field, has enabled table-top extreme ultraviolet (XUV) and x-ray lasers and most importantly spawned the attosecond science [1, 2] . Its superior temporal characteristics as compared to synchrotron and free electron sources have made it a unique tool for studying time resolved spectroscopy in a photon energy range of a few eV to well above 1keV. The first generation attosecond light sources, enabled by Ti:sapphire lasers, usually have access to photon energies below 150 eV. From a single atom point of view, the maximum HHG photon energy is given by E I U 3.17 p p cutoff = + , where I p is the ionization potential of the gas target and Up I L L 2 l µ is the quiver energy. To increase the cutoff photon energy, an easy way is to increase the laser intensity I L by either increasing the pulse energy or decrease the pulse duration of the driving laser or using a tight focus. Under extreme conditions with strong ionization, the cutoff photon energy can be extended [3] and reach as high as 460 eV [4] in helium with Ti:sapphire lasers. However, to generate bright high harmonic (HH) emissions requires microscopic phase matching. The driving laser and the HH need to propagate with the same phase velocity (speed of light) to insure the HH field emitted from different gas emitters add up coherently. While the high frequency HH field rarely interacts with the gas media and therefore maintains its phase velocity at speed of light. The propagation of the driving field is affected by the neutral gas and free-electron plasma as well as the laser focusing geometry [5] . Therefore, under strong ionization, the dense freeelectron plasma which causes strong phase mismatch prevents the photon flux at these cutoff photon energies from practical uses.
The alternative way to scale up cutoff photon energy is to increase the driving laser wavelength λ L [6] . Thanks to the rapid development of high energy, high repetition rate short/ mid wavelength infrared laser systems in recent years, the second generation attosecond sources can now have access to photon energies that were previously only accessible to facility scale sources with sufficient photon flux. Water window source, lying in the soft x-ray region between the K-shell absorption edge of carbon (284 eV) and K-shell absorption edge of oxygen (543 eV), has especially attracted lots of interests due to its unique property of being transmissive to water and covering absorption edges of fundamental biological elements. Utilizing driving lasers with their center wavelengths ranging from 1.3 to 2.1 μm [5, [7] [8] [9] [10] [11] [12] [13] or even 3.9 μm [14] , water window harmonics and attosecond continua have been generated with their photon energies well pass the carbon K-edge or even above 1keV. Table 1 summaries the cutoff energies of existing water window sources from various infrared laser systems. These water window sources could be ideal tool for time-resolved near edge absorption spectroscopy of biological samples [15, 16] and allow probing fast excitation and ionization dynamics at the native time scale of the microscopic world.
Going from HH emissions to isolated attosecond pulses requires isolating these half-cycle processes either spatially [17] or temporally [18] [19] [20] [21] [22] [23] . Both have been recently achieved in the water window region via wavefront rotation [24] and polarization gating (PG) [25] . However, the pulse characterization still faces great challenges. Although method based on photon measurement has been proposed to measure the pulse duration [26] , easier access to the phase information still requires photoelectron streaking measurement, where the extremely low photoelectron counts is the biggest obstacle of such measurement. As the driving laser wavelength becomes longer, the quiver energy scales quadratically with the wavelength, resulting in the higher photon energy up to the water window. With that comes the drastically reduced photorecombination cross section, resulting in a HHG efficiency that drops as λ L −5∼−6 [27] . Even though using higher gas pressure could mitigate such drop to some extent [5] , increasing the HHG efficiency with long wavelength driving lasers is still an ongoing research of the field [28] . Isolating the water window attosecond pulse further reduces its photon flux by several times, depending on the cycle numbers of the driving laser. These isolated water window attosecond pulses then experience further reduction in flux by propagating through metallic filters, which are necessary for blocking fundamental light as well as compensating the intrinsic attochirp [29] . Lastly, the conversion from photons to photoelectrons, occurring in neon or helium gas which is essential for eliminating secondary processes upon absorbing a water window photon [30] , has an extremely low cross-section, limiting the final electron detection to be much less than one event per laser shot. Thus, in order to fulfill a streaking measurement in the water window, a high repetition rate, high pulse energy, few-cycle long wavelength laser with long term carrier-envelope phase (CEP) stability is essential.
In this paper, we review recent progresses on attosecond pulse generation and characterization in the water window. For the generation, we review recent advances in achieving few-cycle CEP stable short/mid infrared driving lasers, and the resulted attosecond water window continua. For the characterization, we focus on our recent achievement of a 53as water window source. PG CEP stable two-cycle pulses at 1.7 μm are used to generate soft x-ray continuum up to 300 eV, supporting a transform limited attosecond pulse with a duration of 20 as. The intrinsic atto-chirp of the attosecond pulse is then compensated by a series of Sn filters with different thickness. Photoelectron streaking measurement is realized for the first time in the water window region and measures an isolated attosecond pulse duration of 53 as when a 400 nm Sn filter is used [31] . The paper is organized as Waveguide is used to achieve better phase matching at high photon energies.
follows: in section 2, we review recent progresses on generating few-optical-cycle short/mid infrared laser systems and describe in detail the design of our laser system. In section 3, we review state-of-art water window sources and the isolation of the water window attosecond pulses. We will show our PG technique along with the first photoelectron streaking measurement reaching the water window. In section 4, we review popular attosecond pulse retrieval methods and explain our phase retrieval technique and retrieved results. In section 5, we review recent progresses on time resolved studies near carbon K-absorption edge and show the possibility of applying our water window source for a time resolved near edge absorption experiment with better temporal resolution. In section 6, we review recent achievements on developing mid-infrared laser systems and propose new designs of such lasers for generating even higher photon energies, and finally, we conclude in section 7.
Driving laser
In order to develop a high pulse energy, few-cycle long wavelength laser with CEP stability, a seed laser with broad bandwidth and CEP stability is needed first. Seed lasers with these characteristics are readily achievable using techniques such as difference frequency generation (DFG), four-wave mixing and white light generation (WLG), providing octave/ near octave spanning μJ energy level seed lasers with their bandwidth covering, for instance, from 1. :ZnSe/Fe 2+ :ZnS are promising gain materials for amplifying the desired spectrum, which have very broad gain bandwidth covering 1.9-3.4 μm and 3.4-6 μm, respectively [37] . However, such laser systems are relatively immature and face challenges on thermal management and only provide multi-cycle pulses due to gain narrowing effect.
OPA is known to suffer much less thermal problem and have a very broad tuning range. A typical few-cycle laser system based on OPA technique is depicted in figure 1(a) . The CEP stable broadband seed laser is generated in the initial stage by doing DFG (normally in a BBO crystal) between a small portion of the Ti:sapphire laser and its WLG. Due to the temporal chirp in WLG, by changing the delay between the pump and signal, and the phase matching angle of the nonlinear crystal, idler pulses centered at 1.6-2 μm can be achieved and amplified to mJ level in two or more OPA stages. However, limited bandwidth is generated due to the initial chirp in the WLG, resulting in multi-cycle laser pulses at the exit of the OPA. Therefore, subsequent spectral broadening techniques such as self-phase modulation (SPM) in gas filled hollow-core fiber need to be employed to achieve octave-spanning spectra, which are then compressed to fewcycle pulse durations taking advantage of the anomalous dispersion of bulk materials in the desired spectral range. Several research groups have adopted this design and achieved near mJ level CEP stable laser with less than twocycle pulse duration [10, 38, 39] . Water window attosecond continua have also successfully been demonstrated using such lasers. However, the energy scalability of such laser is limited by the availability of large size crystals for OPA and the low damage threshold of the fiber and its low efficiency.
OPCPA has proven its superiority in scaling up the output energy and amplifying octave spanning spectra. A popular design is depicted in figure 1(b) , a Ti:sapphire frontend is used to generate octave spanning seed laser for the OPCPA and at the same time seed a ps high energy pump laser, in this case a Yb:YAG CPA system. The seed laser is then stretched to ps duration and amplified by the pump laser to mJ level pulse energy in a few amplification stages. The octave spanning spectrum is preserved in the process and compressed to few-cycle pulse duration using bulk materials at the end. Employing this technique, Deng et al [34] reported a 3 kHz, 1.2 mJ, 10.5 fs, CEP stable laser centered at 2.1 μm in PPLN pumped by Yb:YAG thin disc laser; Hong et al [40] achieved a 1 kHz, 2.6 mJ, 40 fs, CEP stable laser centered at 2.1 μm in PPLN pumped by Yb:YAG laser. Another new OPCPA design based purely on Ti:sapphire lasers is shown in figure 1(c) . Different from aforementioned OPCPA design, the pump source in this design is also a Ti:sapphire laser with its output pulse chirped to a few ps. The chirp of the seed and pump laser is carefully matched to amplify the octave spanning seed laser and provide a mJ level few-cycle laser pulse after a few amplification stages and pulse compression. Following this design, Ishii et al [32] demonstrated a 1 kHz, 0.55 mJ, 9 fs, CEP stable laser centered at 1.6 μm in BIBO crystals, later upgraded to 1.5 mJ [41] ; we also reported a 1 kHz, 3 mJ, 11 fs, CEP stable laser centered at 1.7 μm in BIBO crystals [33] . The much higher pulse energy is the result of our development of a high energy Ti:sapphire laser system and its tailored spectrum for achieving higher conversion efficiency. These state-of-art OPCPA systems have successfully extended the HHG cutoff into the water window with sufficient photon flux [8, 13, 25] and are the key to the next generation water window attosecond sources. Our laser design is briefly described as follows.
As illustrated in figure 1(c) , part of our home-built Ti: sapphire laser system is used for few-cycle pulse generation in a 1.5 m long, 550 μm inner core hollow-core fiber filled with 2bar neon gas, followed by intra-pulse DFG in a Type-II BIBO crystal (phase matching angle θ=60°), the generated broadband pulses are stretched by an acousto-optic programmable dispersive filter (AOPDF) (Fastlite) to around 4 ps to serve as the seed for the OPCPA. The rest of the high power Ti:sapphire pulses are chirped to 5 ps and spectrally filtered to within 760 and 810 nm to serve as the pump for the OPCPA, this particular bandwidth is chosen to maximize the efficiency of the OPCPA [33] . Then the seed pulses are amplified to 3 mJ in a three-stage OPCPA consisting of three type-I BIBO crystals with a phase matching angle of θ=10.8°and a small noncolinear angle of α=0.6°. Finally, the output is compressed in a 150 mm long infrared fused silica bulk compressor and the spectral phase is fine tuned by the AOPDF to achieve a pulse duration of 11.4 fs as measured by a home-built second harmonic generation frequency resolved optical gating (SHG FROG). The results are depicted in figure 2(C). For comparison, FROG measurements of the few-cycle pulses achieved via the designs in figure 1(a) [39] and figure 1(b) [34] are also shown in figures 2(A) and (B), respectively.
To verify the passive CEP stability of the system originated from the DFG process [42] , a small portion of the output laser is focused into a 1mm sapphire plate for WLG and the broadened spectrum is frequency doubled to form a f-2f interferogram. The single-shot f-2f fringe accumulated for 1 h and the corresponding CEP values are shown in figure 2(D) , indicating a CEP fluctuation of 165mrad (rootmean-square value) without any active feedback. This excellent long term CEP stability is essential for achieving successful photoelectron streaking measurement, which will be elaborated in the following section.
3. Generation and characterization of isolated attosecond pulses in the water window Figure 3 depicts our experimental setup to generate and characterize isolated attosecond pulses in the water window. For the generation part, PG optics are used to isolate attosecond pulses, which could be substituted with other techniques such as wavefront rotation. The source of the generation gas is also not limited to gas cells, other popular sources such as semi-infinite gas cell or gas jet can be employed as long as they can provide sufficient pressure-length product. The spectra of the attosecond pulses are detected using standard soft x-ray spectrometer. For the characterization part, photoelectrons are collected using magnetic bottle electron time of flight (TOF) spectrometer [43, 44] , other standard TOF spectrometers based on charged plates are more commonly employed with a slightly lower collection efficiency. A fully collinear setup without beam splitting is also widely used for the streaking measurement, however the bandwidth of the streaked attosecond pulses is limited by the reflection bandwidth of the multi-layer mirror [45] and so far is not applicable for characterizing water window attosecond pulses. In the following subsections, progresses on both parts will be reviewed and explained in detail.
Generating isolated attosecond pulses in the water window
As elaborated in the introduction, going from HHG emission to isolated attosecond pulses requires sub-cycle gating techniques, since the ionization and recombination events that lead to the attosecond pulse emission happen at every halfcycle of the laser field. Even with two-cycle laser pulses, a train of attosecond pulses are produced [18] . Despite of its narrow bandwidth, the cutoff region could form an isolated attosecond pulse, this can be evidenced from its CEP dependence [8, 11] . Figure 4 shows the CEP dependence of the cutoff photon energy from [11] . It is clear that isolated attosecond pulses are generated near the cutoff region, but the bandwidth is limited. In order to generate an isolated attosecond pulse covering water window with broad bandwidth, which is important for studying multiple absorption lines at once and producing shorter attosecond pulses, sub-cycle gating techniques are needed. So far, two gating techniques that are widely used in the first generation attosecond sources have been extended to isolate water window attosecond pulses. Silva et al recently demonstrated spatiotemporal isolation of attosecond pulses in the water window using attosecond lighthouse [24] . Attosecond pulses within the pulse train are spatially separated as multiple beamlets that propagate at slightly different emission angles. By spatially selecting one beamlet, isolated attosecond pulse in the water window can be obtained. Figure 5 shows the spectra of such pulses under three different CEP values, the lighthouse effect is clearly evidenced from the CEP dependent emission angles, although the bandwidth of the isolated attosecond pulse is still limited in this particular study.
Recently, we implemented the widely used PG technique to isolate attosecond pulses in the water window region [25] . The basic idea of PG using our 1.7 μm laser is detailed as follows: a quartz plate of 180 μm (379 μm) thickness is set with its optical axis aligned at 45°with respect to the input laser polarization direction, thus introducing a delay Δt between the fast and slow axis projections of the input laser, with Δt corresponding to one-(two-) laser cycle delay. The subsequent quarter waveplate changes the two pulses into counter-rotating elliptically polarized pulses with a linearly polarized laser field in the overlapped region. The temporal duration of this linear portion is termed as the PG width t t ln 2
), where ε th is the threshold ellipticity and is determined to be 0.1 [25] , τ p =11.4 fs is the pulse duration of our driving laser. When Δt is set at one-(two-) cycle delay, which is 5.6 fs (11.3 fs) for a 1.7 μm laser, the PG width is calculated to be δt G =3.6 fs (1.8 fs). While the attosecond pulse emission happens at every half-cycle of the laser field, a proper gate width that can ensure an isolated attosecond pulse should be less than half of the optical cycle, which is 2.8 fs. It is then apparent that the two-cycle gating should be chosen to generated isolated attosecond pulse under our laser condition. Note that a proper choice of CEP in the case of the one-cycle gating will also result in only one ionization and recombination event, as will be evidenced in later measurements. The PG laser field is then focused by a 450 mm lens into a high pressure neon gas cell to generate attosecond continua. The gas cell is 1.5 mm long filled with 1bar neon gas that is optimized for the cutoff photon energy as well as the photon flux. A pressure scan is shown in figure 6 (a), revealing the generation of soft x-ray photons slightly above the carbon K-edge with a cutoff photon energy at around 300 eV. The reduction of the cutoff above 1bar is due to the plasma defocusing of the driving laser that resulted in a decreased laser peak intensity. For comparison, pressure scan in [11] is shown in figure 6 (b). A much higher cutoff is obtained by tightening the focusing of the driving laser, in this case using a 100 mm spherical mirror. As shown in figure 3 , the generated attosecond pulses are focused by a toroidal mirror into a second gas target for photoelectron generation, which will be discussed in the following section. A series of Sn filters with various thickness are inserted into the beam to block the fundamental laser as well as to compensate for the intrinsic attochirp. Starting from the second gas target, a soft x-ray imaging spectrometer is constructed to detect the spectrum of the generated attosecond pulse, consisting of a 1200 line mm -1 laminar-type soft x-ray diffraction grating (Shimadzu 03-005), a micro-channel plate backed with a phosphor screen and a cooled CCD camera. The measured spectra with a linear pulse, a one-cycle gated pulse and a two-cycle gated pulse are compared in figure 6(c) . Even though the two-cycle gating provides the best PG width for the isolation of the attosecond pulses, it sacrifices about five times and over one order of magnitude on the photon flux compared to the one-cycle gating and linear cases, respectively.
Due to the limited spectral resolution of our spectrometer near the cutoff region, it is hard to justify the isolation of the attosecond pulses from the continuous spectrum. CEP dependent spectra are therefore measured under the three different schemes to better prove the generation of the isolated attosecond pulses, since only the spectra from the isolated attosecond pulses exhibit strong CEP dependence. The measurements are shown in figure 7. In the case of the linearly polarized pulses, the CEP dependence is not as strong as the one reported in [8] , and the one shown in figure 4 [11] . This is likely due to the stronger laser intensity we have in the gas target that washes out the CEP dependence to some extent [46] . For the one-cycle gated pulses, a partial gating is achieved as expected. At certain CEP values, a continuous spectrum is generated at energy regions where the harmonic peaks can be resolved by our spectrometer (figure 7(e)), indicating the generation of isolated attosecond pulses across the whole spectral region, while at some other CEP values, low contrast harmonic peaks start to show up in the plateau, indicating the emergence of a weak secondary attosecond pulse. In the case of the two-cycle gating, very strong CEP dependence is observed across the whole spectrum, isolated attosecond pulses are only generated within a small CEP window. The big difference in the photon flux between the values of the CEP that give the highest and lowest yield is also a signature of the effectiveness of the PG. The generated broad harmonic continua could support a transform limited pulse of 13 as. The next section will be devoted to the measurement of the pulse duration.
Photoelectron streaking measurement
The measurements of the attosecond pulse duration are normally carried out using photoelectron streaking technique [47] . A replica of the attosecond pulse spectrum is detected from the kinetic energies of the generated photoelectrons assuming a flat photoionization cross section within the spectral range of the attosecond pulse. A weak few-cycle laser field-phase locked to the attosecond pulse-acts as the dressing field and perturbs the momentum of the generated photoelectrons and causes the energy distribution of the detected photoelectrons to shift up and down when the dressing field is swept across the attosecond pulse in time, forming the so called streaking pattern. Depending on the amount of chirps in the attosecond pulses, different spectral components generate photoelectrons at different time and therefore experience the energy shift from the dressing field differently. By looking at the structural information in the streaking pattern, the spectral phase of the attosecond pulses can be retrieved. Employing this technique, the shortest attosecond pulse of 67 as from a Ti:sapphire laser system was successfully demonstrated [48] . Nevertheless, as already stated in the introduction, the production of photoelectrons using water window attosecond pulses driven by short/mid infrared laser systems is extremely inefficient. Therefore, no photoelectron streaking measurements covering water window have been realized until our work. Saito et al recently reported the first photoelectron streaking measurement using a 1.7 μm laser [45] , however the photon energy is limited to within 100 eV due to the limited reflection bandwidth of the multilayer mirror. Also, very recently, Thomas et al reported the shortest attosecond pulse of 43 as driven by a 1.8 μm laser and characterized by photoelectron streaking measurement, however the photon energy is limited to below 180 eV [49] .
Due to the difficulties in performing photoelectron streaking measurements using long wavelength drive laser, alternative techniques have been proposed and demonstrated. Zhang et al developed an all optical technique to avoid the needs for photoelectrons, named photonics streaking [26] . In this technique, the far-field pattern of an isolated attosecond pulses is perturbed and modulated by a weak synchronized second harmonic field to form a photonics streaking pattern. Such photonics streaking is recorded and retrieved at each photon energy to obtain the spectral phase of each spectral component individually. The relative spectral phase is then obtained from the oscillation phase of the spatial distribution. Such technique does not provide direct access to the information of the temporal phases and is cumbersome to apply to attosecond pulses with ultra broad bandwidth.
To better characterize the attosecond pulses reach the water window, photoelectron streaking is preferred. As illustrated in figure 3, using a grazing incidence, nickel coated toroidal mirror, we focus the generated soft x-ray laser into a second gas target to generate photoelectrons from neon/ helium. The photoelectrons are collected by a 3 m long magnetic bottle electron TOF spectrometer. When one-(two-) cycle gated laser pulses are used, with 100 nm Sn filter, around 1500 (200) electrons are detected per second, which is sufficient to provide enough statistics within a reasonable time frame for a streaking measurement. The photon flux is measured with an XUV photodiode (IRD AXUV100), and estimated to be around 1×10 7 and 2×10 6 photons per second over the entire bandwidth for the one-cycle and twocycle gated cases, respectively.
The dressing field for the streaking measurement is split off the 1.7 μm laser using a 10% reflective beam splitter. This dressing arm recombines with the HHG arm using a hole mirror that transmits the generated soft x-ray beam and reflects the dressing arm. Both arms are focused together into the second gas target. The delay of the dressing arm is controlled using a piezo motor stage with a step size of about 300 as. A 532 nm CW laser is also split by the same beam splitter and co-propagates with the two arms to form an interferogram on a CCD camera (not shown), which is used to stabilize the optical path difference of the two arms by feedback control on the piezo stage [50] .
Streaking measurements using neon gas as the second gas target, namely detection gas, and a 100 nm Sn filter are shown in figure 8 for the cases of one-cycle gating versus two-cycle gating. As stated before, one-cycle gating does not Harmonic spectrum as a function of the neon pressure up to 6bar, a much tighter focus is used to achieve higher cutoff, the absorption line at around 280 eV is due to carbon contamination in the chamber. Reproduced from [11] . CC BY 3.0. (c) Harmonic signal strength for linear, one-cycle gated and two-cycle gated driving fields.
guarantee the generation of isolated attosecond pulses with our laser condition, this is clearly evidenced by the halfoptical-cycle-spaced streaking peaks in figure 8(a) , indicating that two attosecond pulses separated by half-optical-cycle are streaked in the opposite directions by the dressing field, forming the so-called backwards streaking. Nevertheless, a proper choice of the CEP value could eliminate such backwards streaking and provide a clean streaking measurement of isolated attosecond pulses, as indicated in figure 8(b) . Figure 8(c) shows the streaking measurement with two-cycle gating, clearly indicating the generation of isolated attosecond pulses.
During the process of attosecond pulse emission, within one half-cycle of the laser electric field, electrons are pulled away from their parent ions at different phases (or time) and recombine at different phases, leading to the emission of different spectral components of the attosecond pulses. This gives rise to the intrinsic atto-chirp of the generated attosecond pulses. The ionization phase that gives the cutoff photon energy is around 17°according to classical calculations [51] , ionization phases before and after this phase will lead to long and short trajectories, correspondingly. In experiment, we phase match the short trajectory which has a positive attochirp [52] , meaning that low energy photons are emitted before the high energy photons. Such time difference can also be seen in figure 8(c) , where the streaking peaks at high energies are lagged behind the low energy ones, as guided by the tilted line in the figure. Such tilt is a clear signature of the positive chirps in the attosecond pulses. The asymmetry of the counts in the rising and falling edges of the streaking trace is another signature of the existence of the attochirp.
In order to compensate for the positive chirp, metallic filters or gas mediums with negative group delay dispersion (GDD) and good transmission in the vicinity of the water window are needed [29] . Sn filter is a good candidate for providing negative GDD while has a good transmission above 100 eV, as depicted in figure 9 . Although the GDD starts to bend towards zero above 200 eV, indicating that the chirp above 200 eV will not be well compensated, as will be seen later. To achieve the best compression, we experiment with Sn filters of various thickness, ranging from 100 to 500 nm. With each additional 100 nm, the transmission is reduced by 40%, therefore more integration time is needed. To this end, the long term CEP stability as elaborated before is the key to the streaking measurement with thick filters.
Streaking traces with five different filter thicknesses are shown in figure 10 . To better visualize the effect of increasing filter thickness, we Fourier transform the data at each slice of the photoelectron energies for all streaking traces. The DC component of the Fourier transform is filtered out and the frequency component corresponding to the driving laser frequency oscillation (LFO) is inverse Fourier transformed with its real part plotted in the middle panel of figure 10 [53] . This LFO component has twofold information. First, the oscillation peaks in the streaking traces at different photoelectron energies are directly reflected as the peaks (red blob) and valleys (blue blob) in the LFO components, namely phase angle, and the tilt of the phase angle directly reflects the amount of the chirps that are in the attosecond pulses. Second, the asymmetry of the counts in the rising and falling edges of the streaking trace is also encoded in the LFO components, mainly in the center energy region around 150 eV. A large asymmetry, representing large chirps, will cause more signal to emerge at the center, which will disappear when no asymmetry is presented. However in our case, this signature is not easily observed due to the steepness of the spectrum in the center and the large streaking amplitudes. Nevertheless, it is easy to tell that as we add thicker filters, the tilt of the phase angle becomes less, as indicated by the dashed lines in figure 10 , meaning that the chirps are compensated better. However, the tilt above225 eV remains, which agrees well with the GDD curve of the Sn filter.
So far, all the streaking measurements are performed using neon as the detection gas. When a broadband water window attosecond pulse photoionizes neon atoms, photoelectrons from both the 2p and 2s electronic orbitals will be generated. The photoionization cross section from these two orbitals in our photon energy range differs only by about a factor of two [54] , as indicated in figure 11 , and the generated photoelectron energies are about 30 eV apart. Therefore, our broad photoelectron spectrum spanning from 100 eV to above 250 eV inevitably contains contributions from both orbitals. Moreover, previous studies suggest that photoionization from these two orbitals has a small time delay on the order of a few tens of attoseconds [55] , which will complicate the interpretation of the measurements. To avoid multi-orbital contribution, helium gas is needed as the detection gas at the cost of a further reduction on photoionization cross section [56] , see figure 11 . A streaking measurement using helium as detection gas and with 400 nm Sn filter is shown in figure 12(A) . Only the range of slightly over two optical cycles is covered due to the extremely low photoelectron counts of around 10 electrons per second. Now we have the streaking measurements and can qualitatively determine the compensation of the atto-chirp, next section will focus on the retrieval of those attosecond pulses quantitatively.
Attosecond pulse retrieval
Under the strong field approximation, the streaked spectrogram can be expressed as,
S p tE t p A t
where E(t) is the electric field of the attosecond pulse to be retrieved, p is the momentum of the generated photoelectrons, τ is the delay between the attosecond pulse and dressing pulse, d is dipole transition matrix element representing the transition from the ground state to the continuum, A(t) is the vector potential of the dressing field, I p is the ionization potential of the detection gas atom, and f(p, t) can be written as,
The expression of S(p, τ) reads very similar to the definition of a FROG spectrogram, which is expressed as,
with the pulse function P t t -( )corresponding to the term of
and the gate function G(t) corresponding to e p t i , f -( ) . Then the retrieval of the attosecond pulse can be mimicked as the retrieval of the pulse function in a FROG retrieval problem, which is well developed and widely studied. This is the so called FROG-CRAB (complete reconstruction of attosecond bursts) method [57] and is widely used to retrieve attosecond pulse durations, facilitated by retrieval algorithms such as principle component generalized projection algorithm [58] , least squares generalized projection algorithm [59] and ptychographic reconstruction technique [60] . However, in order to apply these techniques, a strong assumption needs to be enforced. In the FROG equation, both the pulse and gate functions are only functions of time, while the corresponding terms in the streaking equation have both time and momentum dependence. Therefore, in FROG-CRAB, p is substituted with its central momentum p 0 to remove the momentum dependence. This is the central momentum approximation (CMA) and is only valid for narrow band attosecond pulses, meaning that the ratio of the bandwidth of the pulse and the central photon energy is much smaller than 1. In our case, this ratio is very close to 1, obviously violating the CMA, making the FROG-CRAB technique unapplicable.
New techniques have been developed to accommodate the emerging attosecond sources with broader and broader bandwidth. Keathley et al recently proposed a technique named Volkov transform generalized projection algorithm that does not require Fourier transform and only apply least squared minimization algorithm in the frequency domain, therefore circumvents the needs for CMA [61] . Very recently, Zhao et al also proposed a phase retrieval algorithm that does not require CMA and is applicable to broadband soft x-ray attosecond pulses [62] . This technique expands the unknowns -phase of the attosecond pulse and IR field-in terms of B Figure 10 . Left panel: streaking spectrograms with atto-chirp compensation using 100 nm to 500 nm Sn filters with an interval of 100 nm. Middle panel: corresponding traces for the S ω at the driving LFO. The dashed lines are visual guides for the effect of the atto-chirp compensation. Right panel: corresponding retrieved pulse durations, black circles are results from using neon as the detection gas, red triangle is the result from using helium as the detection gas. Figure 11 . Photoionization cross section from neon 2p, neon 2s and helium 1s orbitals in the experimental photon energy range. At 100 eV, ratio of the cross section from these three orbitals is 1:1/ 6.1:1/8.8, at 300 eV, such ratio becomes 1:1/1.7:1/14.7.
spline functions and uses genetic algorithm to retrieve the coefficients of the B spline functions and therefore retrieves the phase of the attosecond pulse. However, both techniques have not been extensively tested yet. Our group demonstrated a technique in 2010 that was intended for ultra-broadband attosecond pulse characterization, namely phase retrieval by omega oscillation filtering (PROOF) [53] . In this technique, the need for CMA is circumvented by using alternative procedures that tracks phase angle and modulation depth of the streaking traces that oscillates at the dressing field frequency, as shown in the middle panel of figure 10 . Such technique has been successfully applied to retrieve a 67as XUV pulse that covers over 30 eV bandwidth at around 60 eV. Although, the dressing field intensity needs to be low enough to avoid multiphoton coupling when PROOF is implemented.
To retrieve the pulse duration of our broadband soft x-ray attosecond pulses reach the water window, we apply the PROOF technique while keeping the driving field intensity to a level of 10 11 W cm -2 . In PROOF, the photoelectron streaking spectrogram is broken down into its primary Fourier components,
where S o is the DC component that does not change with delay, S ω and S 2ω oscillate with the dressing laser frequency and twice the frequency, respectively. The information of the attosecond pulse duration is encoded in the term of S ω , which can be expressed as,
with γ(p) and α(p) being the modulation depth and phase angle as mentioned before in section 3.2. The measured counterpart of S ω is displayed in the middle panel of figure 10 . Then the goal of the iterative algorithm used in PROOF is to minimize the error between the measured S ω (p, τ) and the calculated one assuming the spectral amplitude and phase of the attosecond pulses. In the algorithm, the error between the experimental and guessed γ(p) and α(p) are separately minimized, in an iterative fashion. The algorithm proceeds as follows:
Initialization: Let the spectral amplitude of the attosecond photoelectron burst be given by I p
. This is a very accurate guess in the case where the streaking intensity is low; however, it must be refined by further iteration (spectrum optimization) under practical experimental conditions. To avoid introducing noise into the algorithm, the spectrum is smoothed using a cubic spline fitting function. Phase optimization: Guess the spectral phase of the attosecond burst f(p) which minimizes the error function between the experimentally-obtained phase angle α(p) and that calculated from the guessed I(p) and f(p). For this minimization, the value of the phase at each electron energy is allowed to vary between 0 and 2π, and the spectral phase function f(p) is obtained by unwrapping the phase and applying a cubic spline fitting before evaluating the error function, in order to avoid introducing noise into the algorithm.
Spectrum optimization: Guess the spectral amplitude of the attosecond burst I(p) which minimizes the error function between the experimentally-obtained modulation amplitude γ (p) and that calculated using the guessed I(p) and γ(p). For this minimization, the value of the amplitude is allowed to vary freely, and the spectral amplitude function I(p) is obtained by applying a cubic spline fitting before evaluating the error function, in order to avoid introducing noise into the algorithm.
Repeat phase and spectrum optimization iteratively. After each iteration, evaluate the error function between the experimentally obtained laser-frequency filtered spectrogram S p, t w ( ) and that calculated using the guessed I(p) and f(p). Once the error has decreased to a suitable value, stop the loop and export the guessed I(p) and f(p). Apply the dipole correction to the guessed I(p) and f(p) to obtain the attosecond photon pulse spectrum and phase.
The metrics used to evaluate the accuracy of the retrieval are therefore the agreement between the filtered spectrogram S ω (p, τ) and that calculated from the guessed I(p) and f(p), as well as the agreement between the measured and guessed photoelectron spectrum. The measured and retrieved S ω (p, τ) are shown in figure 12(B) for the streaking measurement with a 400 nm Sn filter and helium as the detection gas. The agreement is excellent, with the only discrepancy occurring in the photoelectron spectral region around 225 eV, where the experimental modulation amplitude drops to nearly zero, and the phase angle cannot be accurately extracted. The measured and retrieved spectra also show good agreement as depicted in figure 12(C) , the retrieved spectral phase exhibits a parabolic phase above 200 eV, which agrees with the GDD curve of the Sn filter ( figure 9(b) ). The retrieved pulse duration lands at 53 as, which is the shortest laser pulse ever characterized covering the water window spectral region.
To further support our retrieved results, we retrieve pulse durations for the results displayed in the left panel of figure 10 . The retrieved pulse duration as a function of the Sn filter thickness is shown in the right panel of figure 10 . As is clearly evident, adding more and more filters results in a continuous reduction in attosecond pulse duration below 400 nm, beyond which the chirp of the attosecond pulse is over-compensated and the pulse duration goes up again. With a 400 nm Sn filter, multiple measurements and retrievals are carried out to further validate the repeatability of our result, as presented in the inset of the right panel in figure 10 . The standard deviation of the five measurements and retrievals at 400 nm Sn filter is calculated to be 6 as, and is used as the error bar for the 53 as pulse ( figure 12(D) ). The photon flux of this 53 as pulse is estimated to be around 5×10 5 photons per laser shot for the entire bandwidth, and the portion above the carbon K-edge is 1×10 4 photons per laser shot.
Attosecond transient absorption (ATA) in the water window
As elaborated in the introduction, one of the most important goals of developing these water window attosecond sources is to probe sub-femtosecond electron dynamics happening in organic molecules, such as charge migration and core hole dynamics [63] , which are important initial steps that lead to subsequent chemical reactions. State-of-art techniques such as ATA are successfully demonstrated to be able to resolve The absorbance as a function of the pump probe laser delay. In this case, pump is an intense 800 nm laser pulse and probe is the water window high harmonics. (C) The transition orbital paths for CF 4 and CF 3 + . From [15] . Reprinted with permission from AAAS.
sub-cycle electron dynamics such as AC stark shift, Ponderomotive energy shift, Autler-Townes splitting [64] and autoionization dynamics of Rydberg states [65] , although the photon energy range is currently limited to within 100 eV. Very recently, Pertot et al [15] and Attar et al [16] both reported transient absorption experiments at the carbon K-edge, revealing molecular structural deformation processes that both happen in a 40-100 fs time scale. Figure 13 shows the result obtained in [15] . Upon removing one valence electron from CF 4 molecule, CF 4 + ion is unstable and will dissociate and deform to CF 3 + ion plus a fluoride atom. The absorption lines near the carbon K-edge are substantially different for the CF 4 molecule and the CF 3 + ion, see figure 13 (C). Therefore, by tracking the time resolved near edge absorption features, a 40 fs time frame can be assigned to this chemical reaction path. However, up to now, sub-femtosecond dynamics near the carbon K-edge and beyond have been out of reach, either due to the relatively long soft x-ray pulses or its low photon flux. The attosecond sources we have developed could be an ideal source for ATA experiments in the water window revealing sub-femtosecond dynamics in carbon containing targets.
To demonstrate the feasibility of conducting such experiment, a carbon K-edge absorption measurement is performed and the result is shown in figure 14 . For this demonstration, the second gas jet in figure 3 is replaced with a 1 mm long gas cell filled with 25 Torr carbon dioxide. A 2400 lines mm -1 soft x-ray grating and an x-ray CCD camera are used substituting MCP/phosphor pairs to achieve high spectral resolution near the carbon K-edge. Figure 14 shows the absorption spectrum after 4 min integration time. The absorbance is extracted as
, where S in w ( ) and S out (ω) are the input and output spectra (red and black curves in figure 14) of the absorption cell, respectively. The main absorption peak at 290.77 eV corresponds to the promotion of a carbon 1s electron to the lowest unoccupied molecular orbital 2 u * p , while the satellite peak at 292.74 eV corresponds to the transition to the Rydberg 3s orbital [66] . It is clear that our water window attosecond sources can easily access these absorption features that will allow us to trace the temporal evolution of π-or σ-bonding electrons in biomolecules. Such experiment is undergoing and will be reported in the near future.
6. Push the photon energy to even higher-design of high energy few-cycle mid-infrared driving lasers
The attosecond source we developed only contains a small portion of photon energy in the water window. As discussed in the introduction and illustrated in table 1, in order to push the attosecond photon energy further into the water window, high energy few-cycle mid-infrared driving lasers are demanded. In this section, we will briefly overview the current research status on development of such mid-infrared lasers that extend wavelength around 3 μm and beyond.
High-energy two-cycle pulses around 3 μm
The generation of low-energy few-cycle pulses or broad bandwidths needed for supporting few-cycle pulses near 3 μm has been reported by employing OPA technique [67] [68] [69] . However, upscaling to mJ level in those systems seems challenging. For example, 45 fs pulses at 3 μm were achieved by OPA in KNbO 3 [67] , but KNbO 3 crystal has multi-domain issues; 3-5 μm spectra supporting three-cycle pulses were achieved by OPA in LiIO 3 [68] , but the damage threshold of LiIO 3 is rather low; 25 fs pulses at 3.5 μm were achieved by OPA in PPSLT [69] , but the size and thickness of PPSLT are limited. Meanwhile, the generation of high-energy 3 μm pulses has been reported utilizing OPCPA technique [70] [71] [72] [73] . For example, 13.3 mJ pulses with center wavelength between 3.3 and 3.95 μm [72] have been generated via OPCPA in LiNbO 3 crystal, and 8 mJ pulses at 3.9 μm [73] have been achieved via OPCPA in KTA crystal. However, the pulse durations in those two systems have been limited to multicycles with 111 fs and 83 fs, respectively. This is due to the limited parametric bandwidth of LiNbO 3 and KTA in the OPCPA process. Thus, it has been a challenging task to generate high-energy few-cycle pulses around 3 μm primarily due to the limited choice of large-size nonlinear crystals in OPA and limited gain bandwidths in OPCPA.
One approach for generating high-energy few-cycle pulses around 3 μm is by using broadband-pumped dualchirped OPA (DC-OPA). DC-OPA is essentially an OPCPA pumped by chirped broadband pulses [75] [76] [77] [78] [79] [80] . Thus, OPCPA system described in section 2 can also be treated as a DC-OPA. It was found that a broadband Ti:sapphire pump and a broadband seed (2.4-4.0 μm) can phase match very well in a MgO:LiNbO 3 DC-OPA in the temporal domain if chirps are managed properly. Unlike the common few-cycle OPCPA and DC-OPA, this broadband-pumped DC-OPA allows the use of longer crystals without either gain narrowing or efficiency loss since phase matching occurs between the individual temporal slice of pump spectrum and that of seed spectrum, which is illustrated by the phase matching curve in Figure 14 . Blue curve and circles show the absorbance from carbon dioxide molecules. The two absorption peaks correspond to C 1s  2 u * p and C 1s  Rydberg 3s state. Carbon dioxide gas with 25 Torr mm pressure-length product is used in the measurement. Red and black curves show the harmonic spectra with and without CO 2 gas in the gas cell. figure 15 and has been confirmed by simulations in [74] . The approach for generating and compressing such a two-cycle pulse at 3.2 μm is very similar to figure 1(c) except for the crystal for seed generation and material for compression. The broadband seed can be generated by DFG in either BIBO or KTA [81] , and the compression can be done in bulk silicon to compress the pulse in the 2.4-4.0 μm spectral region. An example for simulation results is shown in figure 16 , indicating that a mJ-level two-cycle pulse at 3.2 μm can be generated in MgO:LiNbO 3 considering a 19% calculated conversion efficiency [74] with more than 5 mJ pump energy. This broadband-pumped DC-OPA has a great advantage over the narrowband-pumped OPCPA in term of the phase matching bandwidth, especially in the non-degenerate configuration where the phase matching bandwidth is usually narrow; it also has advantages over frequency domain OPA (FOPA) [82] in that it can preserve the CEP of the seed pulse and compress the pulse in a bulk material almost without loss of pulse energy, since FOPA tends to deteriorate the CEP of the seed pulse if without an active feedback, as well as results in loss of pulse energy because of compression using gratings. This DC-OPA design can also be applied to the KNbO 3 nonlinear cyrstal, which has a higher nonlinearity and damage threshold. The problem is that high-quanlity KNbO 3 can be hardly bought.
Another approach for generating high-energy few-cycle pulses around 3 μm is by nonlinear compression of multicycle pulses in bulk materials utilizing the interplay between anomalous dispersion and SPM [83] . The experimental results from [83] are shown in figure 17 . The sub-100 fs, 21 mJ pulses centered at 3.9 μm were generated from a hybrid OPA/OPCPA system. The broadened spectrum due to SPM is self-compressed from 94 to 30 fs, which is a three-cycle pulse at 3.9 μm and very close to the transform-limited pulse width of 26 fs. The energy of the compression exceeds 19.7 mJ with a compression efficiency of over 93%. This approach is a good alternative to achieve few-cycle pulses in the mid-infrared region where gain spectrum in OPCPA/CPA is not broad enough.
Towards terawatt sub-cycle long-wave infrared pulses
Rapid progress has been made on the generation of mid-IR laser sources around 5 μm [84-87] and 7 μm [87] via OPA or OPCPA in ZGP crystals pumped around 2 μm. Recently, mJ level femtosecond OPCPA source around 5 μm operating at kilohertz repetition rates has been developed [88] . As shown in figure 18 , the OPCPA is seeded by a compact fiber based front-end and is pumped by a 2m Ho:YLF laser based on CPA. The seed pulse is generated at 3.4 μm covering 700 nm FWHM bandwidth through DFG between the 1 and 1.5 μm pulses in a periodically poled lithium niobate crystal (MgO: PPLN). The 2 μm pump can provide an energy as high as 25 mJ with an almost transform-limited pulse duration of 4.3 ps. After three-stage OPCPA, the 1.3 mJ idler at a center wavelength of 5.1 μm were achieved with a pulse duration of 160 fs. Further compression using a spatial light modulator (SLM) yielded a sub-five-cycle 75 fs pulse duration (figures 18(b) and (c)) with 0.65 mJ pulse energy.
Even though OPCPA bandwidth in ZGP can support few-cycle pulses near or above 5 μm, such few-cycle pulses have not been enabled partially due to the limited seed bandwidth of the signal. Another challenge comes from compression of such huge parametric bandwidth directly, in which case both AOPDF and SLM both exhibit limitations. Thus, the key to achieving few-cycle pulses around 5 μm and above is to develop broadband seed pulses and compression scheme that can control high-order phases. In [35] , a design was presented which is capable of not only generating mJlevel, CEP-stable 4-12 μm pulses through DC-OPA in ZGP nonlinear crystals, but also compressing such pulses to subcycle duration through indirect pulse shaping. The principle is illustrated in figure 19(b) , which shows that the chirp of idler can be tuned indirectly by changing the chirp of the signal and pump. The signal pulse covering 1.8-4.2 μm can be generated by DFG in a BIBO crystal [81] and the 2 μm pump can be amplified in a Ho:YLF laser. The 4-12 μm optical parametric bandwidth is achieved by tailoring the phase matching of Figure 17 . Setup for self-compression and characterization of mid-infrared pulses. (a) Sketch of the experimental setup: three-fold selfcompression of 94 fs, 21 mJ pulses, centered at 3.9 μm, is achieved in a 2 mm thick YAG plate placed at a certain distance from the focusing lens L1; (b), (c) retrieved from SHG FROG measurements temporal (b) and spectral (c) pulse profiles of the output of 3.9 μm OPCPA system (dashed red line) and self-compressed in YAG pulses (blue solid line); the yellow area represents calculated temporal profile and spectrum of the self-compressed pulse (normalized intensity). Dotted blue lines show retrieved temporal and spectral phases; (d) 3D-map representing the dependence of the output pulse duration on the thickness of the material and on the input peak intensity. Reproduced from [83] . CC BY 3.0.
ZGP shown in figure 19 . The second-order phase of highenergy 4-12 μm pulses can be compensated by using NaCl crystal, which has a very small n 2 and a high damage threshold; the higher-order phase can be compensated indirectly by controlling the signal phase with a commercially available AOPDF. The simulation results for generating 4-12 μm pulses are shown in figure 20 . This 4-12 μm broad pulse can be amplified to TW level pumped by either a Ho: YLF laser at 2 μm or preferably by a Cr (c) Proof-of-principle schematic setup for amplifying 4-12 μm idler pulses by OPCPA in a 0.7 mm ZGP pumped by a 2 μm Ho:YLF laser. Reproduced from [35] . CC BY 3.0.
Conclusion and outlook
In this paper, we reviewed recent progresses in generating attosecond continua into the water window region. In order to achieve such continua, driving lasers with few-optical-cycle in the short to mid-infrared spectral range are necessary, and these state-of-art laser systems are typically enabled by OPA followed by hollow-core fiber compression, OPCPA or DC-OPA. Although several groups have reported generation of isolated attosecond pulses covering the water window, their pulse duration measurements have not been realized until our work. There are three importance factors in our work that are essential for characterizing attosecond pulses in the water window: (1) a multi-mJ laser system at 1 kHz with twooptical cycles and exceptional long term CEP stability. (2) An efficient generation and characterization apparatus consisting of high pressure gas target for generation and magnetic bottle TOF for characterization through photoelectron streaking. (3) A retrieval algorithm that can retrieve pulse duration of broadband attosecond pulses. We have given detailed description on each factors and introduced the first photoelectron streaking measurement of broadband isolated attosecond pulses reach the water window. By carefully investigating atto-chirp compensation using Sn filters, we demonstrated a 53 as x-ray source covering water window when a 400 nm Sn filter is used under our experimental conditions.
Further scaling up the photon energy as well as shortening the pulse duration require even longer-wavelength driving lasers with even higher pulse energies to make up for the reduced yield due to wavelength scaling. We reviewed recent advances in producing mid-and long wave infrared lasers and briefly discussed our designs of energetic midinfrared laser systems covering 2-4 μm and 4-12 μm. These laser sources will enable attosecond pulses covering the entire water window and even into the keV region. Figure 21 shows 
which is shown in figure 22 (a) as a function of the ratio between LP and L P a . In experiment, one may choose a ratio at around 5. The absorption length-pressure-product of neon gas is shown in figure 22(b) . For a medium length of 1cm, which is the typical value of the Rayleigh range of mJ level mid-and long wave infrared lasers, the pressure should be on the order of 1-100 bar for 1-10keV x-rays. Therefore, special gas target structures need to be designed to deliver high pressure gas to the laser focal point region. Pulsed gas nozzle and differential pumping may be used to reduce the gas load of the vacuum pumps. Although theoretically higher photon energy x-rays can be produced by using helium gas, it requires a gas target with a much larger length-pressure-product, which is difficult to construct experimentally. In addition, the single atom response of helium is weaker than neon.
The isolation of attosecond pulses at higher photon energies driven by mid-and long wave infrared lasers can also be done via PG. In fact, if we assume that the x-ray emission from an elliptical field is dominated by those electron trajectories whose transverse displacement caused by the elliptical field is compensated by an initial transverse velocity when the electron tunnels out of the atomic binding potential [90] , we can estimate the ellipticity dependent HHG yield as shown in figure 23 . The ellipticity dependence increases with the increment of the driving laser center wavelength, which indicates that PG will work more efficiently with longer wavelength driving lasers. Applying attosecond streaking to characterize broadband water window and keV attosecond pulses faces new challenges. Multi-orbital contribution and orbital parity mix interference may occur and need to be taken into account during the spectral phase retrieval [91] . Neon atoms may still be a good candidate as the detection gas since it only has two shells, and the ionization cross section of the 1s orbital in the 1-10keV range is much higher than that of helium. Nevertheless, high flux x-rays must be generated to assure reasonable signal to noise ratio in streaking experiments.
Moreover, as the GDD for most metallic filters start to approach zero above 300 eV, how to compensate for intrinsic atto-chirps and produce transform limited attosecond pulses will be challenging for water window attosecond pulses and beyond, even though the atto-chirp is expected to go down when longer driving lasers are used [52] . Alternative compensating routines such as using high pressure inert gases [92] or tailoring the electric field of the driving laser [93] might be useful candidates for atto-chirp compensation at high photon energies. Complementary techniques using two-color or multi-color field for enhancing harmonic yield may become useful in increasing photon flux for attosecond pulses at high photon energies. With sufficient flux and atto-chirp compensation, these water window attosecond sources will be ideal tools for studying ultrafast electron dynamics of biologically relevant molecules through time resolved near edge absorption spectroscopy.
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